A b s t r a c t This report describes XDesc (eXperiment Description), a pilot project that serves as a case study exploring the degree to which an informatics capability developed in a clinical application can be ported for use in the biosciences. In particular, XDesc uses the Entity-Attribute-Value database implementation (including a great deal of metadata-based functionality) developed in TrialDB, a clinical research database, for use in describing the samples used in microarray experiments stored in the Yale Microarray Database (YMD). XDesc was linked successfully to both TrialDB and YMD, and was used to describe the data in three different microarray research projects involving Drosophila. In the process, a number of new desirable capabilities were identified in the bioscience domain. These were implemented on a pilot basis in XDesc, and subsequently ''folded back'' into TrialDB itself, enhancing its capabilities for dealing with clinical data. This case study provides a concrete example of how informatics research and development in clinical and bioscience domains has the potential for synergy and for cross-fertilization. A great deal of work in the fields of clinical informatics and bioinformatics (taken here to mean informatics in the biosciences) has proceeded independently. As we look to the future, however, it is clear that there will be increasing opportunities for intersection between clinical informatics and bioscience informatics.
One area of intersection will involve research exploring the clinical implications of genomic data and other bioscience data, for example, in areas of cancer genomics and pharmacogenomics. Another area of intersection will be at the personal level, with individuals trained primarily in clinical informatics working closely with individuals trained primarily in bioscience informatics in various settings. These areas of personal interaction will include collaborative research, teaching in joint training programs that combine clinical and bioscience informatics, and developing institutional informatics capabilities and programs that combine clinical and bioscience components. A third major area of intersection will involve areas of informatics research and development whose techniques and principles apply across both clinical and bioscience informatics domains. Such areas include, for example, heterogeneous biomedical database design, interoperation of biomedical databases and tools, work on biomedical ontologies, and techniques for data mining.
This report describes a pilot research project, XDesc (eXperiment Description) that falls in the latter category. The XDesc project explores the portability of the capability developed in a clinical informatics project to the needs of an informatics project focused on the biosciences. Specifically, XDesc explores the utility of the Entity-Attribute-Value (EAV) approach implemented within TrialDB (an institutional clinical research database that supports a growing number of clinical studies at Yale and elsewhere) 1 for use to describe microarray samples in the Yale Microarray Database (YMD; an institutional bioscience database built to support many laboratories performing microarray research). 2 The EAV approach has been used quite widely in electronic medical record systems and clinical data repositories. [3] [4] [5] [6] In such systems, the data stored for a given patient are only a very small subset of the many thousands of possible data items (symptoms, signs, laboratory tests, treatments) that might conceivably be stored for any patient. As a result, using conventional relational tables to store the data (where each column of a table corresponds to a particular data item, e.g., blood pressure, hemoglobin, white blood cell count) would result in extremely sparse data and would be very inefficient. In an EAV database, there is conceptually one long table with only three columns: an entity (the patient ID), an attribute (the data item name-actually a pointer into a data library), and the value of that item. (The actual implementation of an EAV system is more complicated than this simplified conceptual description.)
The real power from TrialDB's use of the EAV approach comes from the machine-processable metadata (data about data) contained in TrialDB's data library. These metadata describe each data item and are consulted by the database system each time data are entered, updated, displayed, or otherwise manipulated. For example, data entry screens are created automatically from the metadata (with appropriate formatting, validation, skip logic), without the need for reprogramming each time new data items are added.
The description of a microarray experiment raises very similar issues as those discussed above for clinical data. For example, the biological sample used in a given microarray experiment requires only a very small subset of all the possible data items (describing different organisms, tissues, developmental stages, treatments) that might be used for any microarray experiment. Trying to store these data in traditional relational tables would have the same inefficiencies described above for clinical data. In fact, the Minimal Information about a Microarray Experiment (MIAME) 7 standard (being developed to guide the computer-based description of microarray experiments) suggests using attribute-value pairs to describe the biological samples used in a microarray experiment. If this is to be done in an organized way, however, metadata describing the various data items used to describe the microarray sample should be stored so that one can automate the processing of the data.
As a result, microarray descriptive data and clinical data pose a number of quite similar challenges. This was the motivation for exploring the issues in adapting TrialDB's implementation of EAV approach (with all its metadata-based functionality) to the description of microarray samples.
In TrialDB, the EAV approach is used to store clinical data associated with each patient in many different research studies. Within YMD, XDesc uses the EAV approach to store experimental data describing features of the organism or tissue being studied in each microarray hybridization. XDesc was built using a copy of the operational TrialDB system (including its user interface, its data library, and its metadata tools) to define, collect, and store the data describing selected YMD microarray samples. The pilot XDesc system was then linked to YMD so that the YMD user could view the sample data (actually stored in TrialDB) as part of the YMD interface. For this pilot study, we focused on three sets of microarray experiments involving Drosophila.
The purpose of the XDesc project was to explore potential synergies and challenges involved in porting a capability developed in a clinical informatics project for use in a bioscience informatics project.
We wanted to explore the extent to which TrialDB's EAV implementation, together with its associated metadatadriven functionality, could be applied to experiment description data and what barriers might exist in directly utilizing the TrialDB's EAV implementation in the second domain. We wanted to explore the degree to which additional capabilities might be needed in the bioscience domain that had not been needed in the clinical domain or in which need had not been as clearly perceived. We also wanted to see the degree to which there might be cross-fertilization between the two domains. In particular, we were interested in whether needs exposed in the bioscience domain might suggest tools or capabilities that could be usefully ''folded back'' and incorporated into the clinical informatics system.
Background
The EAV approach has been used previously in several wellknown clinical information systems, including the HELP System 3,4 and the Columbia Presbyterian Clinical Data Repository. 5, 6 It is also a central component of TrialDB. 1 As described above: (1) the EAV approach differs from a conventional relational database design in that data element names are not ''hard-wired'' into the database as column headers but are stored as data and (2) metadata describing each data item are stored in a machine-processable data library. The various routines that store, access, and manipulate the data consult these metadata. As a result, new data elements can be added to the system without the need to change the schema of the database or to modify the program code that manipulates the data. The EAV approach is particularly useful for sparse data in which there are many different attributes that may be associated with an entity, but only a very limited number of attributes apply to any given entity.
High throughput technologies such as gene expression microarrays and protein mass spectrometry are increasingly generating massive quantities of biological data. The description and structured representation of such experiments have become an area of active research with an eye to the storage and retrieval of this information in public repositories. Standardized markup languages for describing experiments are emerging for microarrays (MAGE_ML) and for proteomics (PEML), and minimal standards for annotating a microarray experiment (MIAME) have been published. [7] [8] [9] The implementation of these standards in a flexible, extensible fashion is an ongoing challenge. A variety of controlled vocabularies and ontologies (e.g., NCBI Taxonomy, MGED, GO, and FlyBase) exist, but their efficient use requires tools for managing, searching, and curating the relevant portions of the vocabularies. [10] [11] [12] [13] [14] As discussed above, the evolving MIAME standard for describing microarray experiments suggests using an attributevalue approach for describing samples. 7 The potential advantage of using TrialDB for capturing this information is that we have already built a suite of operational tools for defining new data items, for storing their definitions in a metadata library, for searching that library, and for creating forms for capturing and displaying the data.
An interesting consequence of using TrialDB's EAV implementation is that the data library of XDesc contains metadata describing both clinical and bioscience data items. This provides an opportunity to explore the degree to which tools for searching and curating the metadata could meet the needs of both the clinical and bioscience domains.
Linking YMD to XDesc for Purposes of Microarray Sample Description
The YMD is designed to manage data derived from microarray experiments. This includes large tables of highly homogeneous data describing gene expression levels. It also includes a much more modest amount of descriptive information about each experiment. In the current operational YMD system, descriptions of experiments are quite general, e.g., treated versus untreated comparison, time course studies, and dose response, with more specific information and sample description relegated to free-text fields. In contrast, XDesc enables a scientist to describe an experimental sample at additional levels of detail by simply defining new attributes of the sample without creating new tables and altering the database schema. For selected Drosophila microarray projects, [15] [16] [17] we used the pilot XDesc system to include additional coded data describing each hybridization experiment, as described below.
TrialDB is a large, flexible, Web-enabled database application that stores data from multiple clinical studies in a robust, easily configurable fashion. Clinical study data are patientcentered and can include essentially any type of patient data ranging from questionnaires to clinical laboratory results, radiology results, drug responses, and toxicities. To deal with this diversity of clinical data, the system uses the EAV model and relies heavily on the use of standardized internal data dictionaries of metadata.
Since the description of bioscience experiments and experimental samples is in principle fundamentally similar to the description of clinical patient data, with standardized vocabularies and ontologies playing a central role, we decided to construct XDesc using TrialDB. Experiment descriptions were constructed from interviews with the scientific investigators, and experiment-specific data items were defined. These descriptions then were used in conjunction with TrialDB for three different microarray research projects, each involving multiple hybridization experiments.
The first experiment characterized gene expression during different developmental stages of Drosophila.
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The second experiment involved comparison of three different Drosophila species in three developmental stages. 16 The third experiment characterized Drosophila gene expression in multiple tissues at various time points. 17 Web-based forms were generated for the input of experimental descriptions for each of these three projects, and these forms were linked to YMD. Figure 1 shows an example of a Web input form for the second experiment, which involves comparing different species, developmental stages, and treatments. Initially, three species and three developmental stages were selected for this study. These choice lists are coded as dropdown lists on the Web form. The Web forms were generated automatically from metadata describing the various F i g u r e 1. An example XDesc Web interface for entering data describing a microarray experiment involving Drosophila. This Web interface is generated automatically based on metadata entered into TrialDB's data library.
Drosophila data items, which were entered using TrialDB data library tools. Using the TrialDB tools originally built for designing complex clinical trial Web forms, it was quite straightforward to design Web forms for microarray experiment descriptions. Pertinent portions of standardized vocabularies from FlyBase, the National Center for Biotechnology Information (NCBI) taxonomy, and the Microarray Gene Expression Data (MGED) ontology were added to XDesc. In addition, minor cosmetic changes were made to the headers of the generated forms so that they referred to microarray experiments rather than to patients.
In the process of creating these and other forms and talking to microarray researchers about their needs, it became clear that the bioscience domain highlighted the need for certain capabilities that had not been important in the clinical studies we had been entering into TrialDB.
Bioscience has a large number of standardized vocabularies that may serve as values for data items. A simple data item has two fundamental components: a data item name and a set of values that the data item can contain. Even from our limited experience dealing primarily with Drosophila, it is clear that the biosciences have a large number of extensive standardized vocabularies that can serve as values for various data items used for describing experiments. These vocabularies include species of organisms, mutations of a specific species, genes and gene products, the anatomic components of an organism, and stages of growth of an organism. In addition, there are different sets of vocabularies for different organisms. For example, the anatomic components of a Drosophila are very different from those of other model organisms such as the nematode worm Caenorhabditis elegans or the mouse. Bioscience vocabularies often have a hierarchical structure. In addition, the specialized vocabularies of bioscience values, such as those of FlyBase, which deal with Drosophila, often have an inherent hierarchical structure. Examples include the anatomic components and the developmental stages of an organism. Only a small number of items from a much larger vocabulary typically apply to a given research project. Despite the wide range of potential values that a data item might assume, for any given set of microarray experiments, the range of values used tends to be extremely small. It would be undesirable to ask the biologist to select values from a very large vocabulary if only three to five values were actually being studied in a given research project. Instead of searching through a huge list, the biologist would much prefer to select from a simple dropdown list containing the few values that were potentially relevant.
The vocabulary values may evolve or change as a microarray project progresses. At the same time, however, the specifics of an experimental study evolve over time (for example, a new species or new developmental stage may be incorporated into the study). As a result, even though it is undesirable to force the biologist to search a huge list for values to include, it is nevertheless important that some flexibility be allowed for adding new data values when required.
As a result of these observations, a number of capabilities were added to XDesc (and to its copy of TrialDB, which was separate from the operational TrialDB system being used in production) to accommodate these features of the bioscience domain.
Adding a ''Virtual Vocabulary'' Capability
TrialDB already had the capability to incorporate vocabulary lists to be used for values of various clinical data items. These included (1) adverse effects of cancer treatments, (2) several vocabularies of clinical diagnoses including ICD-9 and DSM-4, and (3) list of pharmacologic agents. In early versions of TrialDB, each of these lists of standardized sets of values was maintained in a separate table; however, a single large table housing multiple vocabularies was discussed as a flexible way to include many different controlled vocabularies. Because several different bioscience vocabularies were required for describing experiments, it was decided to include them all in one large table, to evaluate the usability of this approach. Each entry included the vocabulary name, the data item name, and the version of the vocabulary. Combining multiple ''virtual'' vocabularies in this fashion made it much easier to include new vocabularies and simplified the database structure. This capability has now been implemented fully in TrialDB itself to enhance its capabilities for use with clinical vocabularies.
Allowing the Virtual Vocabularies to Have Locally Defined Hierarchical Structure
Based on our experience in the bioscience domain, we have also added a capability for defining subsets of vocabulary values having a hierarchical structure. Figure 2 shows a pilot interface (developed in Microsoft Access) that illustrates viewing and creating of local vocabulary term hierarchies.
The top of the figure shows a two-level hierarchy of Drosophila developmental stages. Specific levels are viewed by selecting a named hierarchy and pushing the button to view the terms at that level. The lower half of the figure illustrates how a named hierarchy can be created and saved. Terms can either be identified using vocabulary lookup with wild cards or they can be selected from entities in the top of the figure. A tool based on this design has now been incorporated into TrialDB for use with clinical vocabularies.
Allowing ''Vocabulary Cache-ing'' in a Data Input Form Prior to our experience with XDesc, the data entry forms for TrialDB allowed several possible ways to enter data from a list of values. One option was to set up a dropdown list of a small number of permissible values. Another option was to allow the user to search a much larger vocabulary. To accommodate the needs of the bioscientist as described above, however, we have now implemented a ''vocabulary cache-ing'' capability. Here the user is given a dropdown list of allowed values. If, however, a different value from a much larger vocabulary is required (because the scope of the experiment has been modestly expanded), a search for such a value can be performed, and the selected value can then be added, if desired, to the dropdown list for future use. This allows the scope of an experiment to expand, while minimizing the need to search a large vocabulary more than is absolutely necessary. Also, these changes can be made without programmer intervention. This capability is now implemented in TrialDB and provides useful additional flexibility in defining clinical studies.
Once these capabilities were identified as desirable in the context of XDesc's description of microarray experiments, they were implemented in the XDesc's pilot copy of TrialDB. After these new capabilities were fully implemented and understood in the context of XDesc, it became clear that they would also be very useful for the clinical data in TrialDB itself. As a result, all these capabilities are now implemented in the operational version of TrialDB. Specifically, (1) the ''virtual vocabulary'' capability has simplified the addition of new vocabularies; (2) the definition of locally defined hierarchical structure has facilitated question and questionnaire classification, thus, aiding in database curation and description of new clinical studies; and (3) ''vocabulary cache-ing'' has enabled a simple user interface, for example, for searching and recording adverse drug reactions.
Discussion
The XDesc project has shown, on a pilot basis, that the EAV approach, as implemented in the TrialDB system for clinical research data, can be ported for use in describing bioscience research data. The project has also shown that applying the approach in the bioscience domain has allowed us to define desirable new capabilities. These new capabilities have now been used to make TrialDB more robust in the clinical domain.
At the same time, however, we decided, currently, not to use the operational version of TrialDB for the dual purposes of storing data on patients and on bioscience experiments. We felt it was prudent to separate the clinical database, with all of its patient confidentiality and security issues, from the bioscience experiment description database. In addition, a number of major capabilities in TrialDB are designed to capture quite idiosyncratic aspects of clinical research and clinical trials. These include (1) adding a date and time stamp to each clinical data item, (2) including clinical trial scheduling capabilities to help structure the data, and (3) automatic importing of clinical data form real-time hospital data streams. As a result of many specialized capabilities such as these, the TrialDB system is already very complex, and these capabilities are not needed for microarray data.
As a result, XDesc has served as a research project that has allowed us to explore the similarities, synergies, and potential for cross-fertilization between the clinical informatics and bioscience informatics domains. As we gain more experience with these types of intersecting capabilities, it would be interesting to build operational systems that have the flexibility to serve both domains within a single integrated solution.
Conclusion
We have taken a fully functional clinical trials database application and extended it on a prototype basis to include microarray experimental descriptions. The new domain exposed desirable extensions of functionality that were added to accommodate the experimental description of microarray data. These extensions have also proven useful in the clinical trials arena, thereby illustrating the potential value of crossfertilization between the clinical and biomedical fields.
